The excitation of low frequency whistler modes from different antennas has been investigated experimentally in a large laboratory plasma. One antenna consists of a linear electric dipole oriented across the uniform ambient magnetic field B 0 . The other antenna is an elongated loop with dipole moment parallel to B 0 . Both antennas are driven by the same rf generator which produces a rf burst well below the electron cyclotron frequency. The antenna currents as well as the wave magnetic fields from each antenna are measured. Both the antenna currents and the wave fields of the loop antenna exceed that of the electric dipole by two orders of magnitude. The conclusion is that loop antennas are far superior to dipole antennas for exciting large amplitude whistler modes, a result important for active wave experiments in space plasmas. Published by AIP Publishing.
I. INTRODUCTION
The excitation of low frequency whistler modes is of importance in space and laboratory plasmas. The present interest in space plasmas is to effectively scatter energetic electrons in velocity space. Such electrons are naturally present in the radiation belts 1, 2 and can be man-made by high altitude nuclear explosions. 3 In both cases, the electrons shorten the lifetime of satellites. Wave-particle interactions are known to precipitate electrons. 4, 5 In the laboratory, low frequency whistler modes are extensively studied for producing dense rf plasmas. These whistler modes are usually called helicons 6, 7 and first observed in solid state plasmas. 8 Helicons find applications in plasma processing, for propulsion as thrusters on satellites, and heating and rf current drive in magnetic fusion devices. [9] [10] [11] There are also several largediameter laboratory devices where the basic physics of whistler modes has been studied. [12] [13] [14] [15] Linear and nonlinear whistler modes have been studied in detail. Radiation patterns of different antennas have been explored, showing resonance cones and thermal ducting phenomena. [16] [17] [18] [19] [20] Nonlinear whistlers with wave magnetic fields exceeding the ambient field have been observed. 21 Helicon waves have been produced in unbounded uniform plasmas. 22 Their field rotation produces an orbital angular momentum which can lead to new wave-particle and wave-wave interaction by a transverse Doppler shift.
Whistler modes are usually excited with electric dipole antennas in active space experiments. [23] [24] [25] Early experiments with loop antennas were discontinued due to difficult with the deployment of large loops. 26 On the other hand, large amplitude helicon waves are always excited with magnetic loop antennas. 27 Thus, the present work addresses the difference between electric and magnetic antennas under identical experimental conditions. The radiation resistance is determined from first principles from the measured antenna currents and the radiated power. The electric dipole has a much smaller radiation resistance than the magnetic loop, but more important is the ratio of antenna currents. For an insulated electric dipole, it is given by the capacitive current through the sheath; for a loop antenna, the current is determined by the loop inductance and applied voltage. For the same applied voltage, the current, hence radiated power, is over two orders of magnitude larger for a loop compared to a dipole.
The paper is organized as follows: After describing the experimental setup and measurement procedure in Section II, the observations and evaluations are presented in Section III in several subsections. The findings are summarized in Section IV.
II. EXPERIMENTAL SETUP AND DATA EVALUATIONS
The experiments are performed in a pulsed dc discharge plasma of density n e ' 10 11 cm
À3
, electron temperature kT e ' 2 eV, neutral pressure p n ¼ 0.4 mTorr Ar, and uniform axial magnetic field B 0 ¼ 5 G in a large device (1.5 m diam., 2.5 m length) shown schematically in Ref. 28 . The geometry of the antennas, the coordinate system, and the measurement plane are schematically shown in Figs. 1(a) and 1(b). A simple high voltage rf burst circuit is displayed in Fig. 1(c) . Finally, a photograph of the interior of the plasma device is displayed in Fig. 1(d) . It shows the 1 m diam. cathode without the discharge so as to see the various antennas for exciting whistler modes. A diagnostic probe with three shielded loops and one Langmuir probe is mounted on a telescopic shaft which can move in radial, axial, and azimuthal directions and map the wave magnetic field and plasma parameters in three dimensions and time. The experiments are performed in the afterglow plasma whose decay provides a density sweep. The pulsed plasma is highly reproducible so that the wave magnetic field can be assembled from repeated measurements at different probe positions.
Two types of antennas are compared in the present experiment: (1) An electric dipole antenna (15 cm long) fed via a radially inserted probe shaft. The dipole wire is covered with a fiberglass sleeving so as not to draw conduction currents. It is also floating with respect to the chamber ground. In order to excite waves along the axial dc magnetic field, the dipole is aligned perpendicular to B 0 . (2) An elongated magnetic loop antenna is formed by two parallel wires (4 cm spacing, 20 cm length) closed by semicircles at the end. Although magnetic loops are mostly circular, the elongated loop has nearly no field variation along the wire, and its vertical translation can approximately produce plane waves by field superposition. 29 At the chosen frequency (f ' 5 MHz), the antenna lengths are small compared to the free-space wavelength, such that the voltage and current are nearly constant along the wires. Thus, the elongated magnetic loop is not a folded electric dipole. The dipole moment of the elongated loop is aligned along B 0 . For the present parameters (cyclotron frequency f c ' 14 MHz, plasma frequency f p ' 3000 MHz), the transverse antenna lengths are comparable to the axial whistler wavelength (k z ' 15; …; 20 cm). The analog probe signals are digitized with a fourchannel digital oscilloscope with 10 ns time resolution. Since we are interested in the wave field produced by plasma currents, the vacuum field of the antenna is recorded on alternate shots and subtracted from the total field measured in the presence of plasma.
The pulsed discharge is repeated at a rate of 1 Hz, and the rf waveform is triggered at the same afterglow time and averaged over 10 shots so as to improve the signal-to-noise ratio. The antennas are energized with two types of rf waveforms: A sequence of repeated rf tone bursts of duration 20 ls covering most of the afterglow. The signal is phaselocked to resolve the time dependence for all rf bursts. The waveform is produced by a function generator and amplified by a broadband amplifier of moderate output power (8 W) . It is used for wave excitation by the magnetic loop, but it is too small to excite waves with the electric dipole. Therefore, a high power signal is produced with an L-C ringing circuit. It consists of a fast switching transistor which discharges a charged capacitor (1 nF, <1000 V) into an inductor to produce a damped ringing waveform at f ' 4:5 MHz. The burst generator can deliver 1 A into a 1 kX resistor, hence can supply 1 kW into a matched load. However, no matching circuit is used so as to maintain a sharp rise time of the rf burst which is useful for comparing group and phase velocities. The sequence of phase-locked ringing rf bursts is applied via a balanced rf transformer to the electric dipole.
For comparison, the same signal generator is applied to both antennas but separately. The antenna currents are measured with a Rogowski coil. The short duration of the large amplitude rf burst avoids electron heating and thermal ducting. 17 Furthermore, we have verified that the total wave amplitude, B ¼ ðB
, is proportional to the antenna current, which confirms linear wave excitation.
III. EXPERIMENTAL RESULTS

A. Currents and voltages on the dipole and loop antenna
Antennas inside the plasma have to be fed by a transmission line. These consist of two parallel wires inside a stainless steel tube (6 mm diam., ' 1 m length) carrying currents in opposite directions. The last 30 cm are not covered by the grounded tube. Currents (I) and voltages (V) are measured at the outside end of the shaft. However, an identical dipole antenna has been used in air to measure I and V at the antenna feed points. There is negligible voltage variation on a '1 m transmission line when the free-space wavelength is c/f ¼ 60 m. Figure 2 shows a comparison of antenna currents and excited wave amplitudes for the electric dipole and the elongated magnetic loop. The loop current is two orders of magnitude larger than the dipole current. The magnetic field component, B z , measured on the axis of both antennas and 15 cm axially away, is also nearly 100 times larger for the loop than for the dipole. The same burst generator is used to energize the antennas under the same conditions.
B. Excitation of propagating whistler modes
Next, we demonstrate that the rf magnetic field is that of a propagating whistler mode. Although this has been shown many times for a circular loop, 30, 31 it will now be confirmed to hold also for an elongated loop antenna. magnetic field direction as shown in Fig. 1(b) . The propagation speed is v phase;z ' 1:1 Â 10 8 cm/s. Its parallel wavelength is k ' 25 cm at a frequency of f ¼ 4.5 MHz. With increasing afterglow time, the wavelength increases (not shown) since the refractive index of plane whistler modes,
depends on the plasma frequency f p , cyclotron frequency f c , and propagation angle h of the phase velocity v phase ¼ c/n with respect to B 0 .
The normal to the V-shaped contours, i.e., the k-vector, is oblique at an angle h ' 45 which is close to the Gendrin angle h G ¼ arccosð2x=x c Þ ¼ arccosð0:7Þ ' 644
. On axis, the vertical propagation direction reverses, i.e., the phase has a singularity. Plane wave theory predicts that Gendrin modes have a field-aligned group velocity which is equal to the parallel phase velocity component. 34, 35 Although a finite-size antenna does not excite plane waves, the amplitude profile of the present wave packets is consistent with the basic features of Gendrin modes. The weak axial amplitude decay indicates a small radial energy spread. Each half wavelength translates axially with the same amplitude profile, although subject to weak collisional damping. If the group velocity would be in the direction of the oblique phase velocity, the conical wave spread would cause a large axial amplitude loss. Furthermore, the front of the wave burst (not shown) propagates at the same speed and amplitude pattern as a continuous wave train, showing that the v group ' v phase;k . It is also worth pointing out that the parallel phase velocity is comparable to the electron thermal velocity. Since Landau damping rapidly decreases the amplitude of longitudinal waves (E k kÞ, a low frequency whistler mode has negligible parallel electric fields required for strong Landau damping.
C. Field topologies
We start with the field topology of whistler modes excited by the elongated loop antenna. Figure 4 shows contour plots of field components and field energy, and a time sequence of vector fields which describes the field polarization. The snapshot of Fig. 4(a) is taken at a maximum of the We also note that at a constant axial propagation speed (v z ¼ z/t) and weak damping, the axial field dependence is proportional to the temporal field dependence. One can then visualize the phase fronts in 3D space and construct field lines in 3D (not shown). This yields the field topology which can be described by a flattened and inclined vortex. 36 The spiraling field lines of a whistler vortex have a negative magnetic helicity for propagation against B 0 . This can be seen by the left-handed linkage of the transverse field (B x , B y ) with the axial field B z . If the loop was circular, the field could also be described as an m ¼ 0 helicon mode. The field topology of the electric dipole is more complicated than that of the loop. In free space, both the electric field and the magnetic field form a spherical wave in the farzone with radial Poynting's vector S ¼ E Â H. In plasma, the energy of a low frequency whistler flows predominantly along B 0 , is mainly carried by the wave magnetic field, the electric field is mainly perpendicular to B 0 , and produces electron Hall currents. Thus, one can expect the dipole wave excitation in plasmas to be quite different than in air. Figure 5 shows the field components of the wave excited by the electric dipole. As shown in Fig. 1(d) , the dipole shaft enters at an angle with respect to the horizontal x-axis. This inclination does not change the fact that the shaft is radial and the dipole is perpendicular to B 0 . The coordinate system presents a view from the cathode such that the antenna is located as indicated by the white lines. The B z contours in Fig. 5(a) clearly show that waves are excited by both the dipole and the shaft. The latter is thought to arise from the exposed transmission line to the dipole which acts like a magnetic antenna. It could have been avoided by twisting the wire pair, which will be done in future experiments.
The transverse field components (B x , B y ) are shown as a vector field in Fig. 5(b) . The antenna excites a dipole-like field between two O-type null points located near the amplitude peaks of B z . In time, the field rotates counter clockwise, although not as perfectly as in an m ¼ 1 helicon mode. 37 Waves excited by the shaft may affect the field symmetry. All vectors are right-hand circularly polarized as they should be for an electron whistler mode. The linkage between (B x , B y ) and B z is left-handed which is also the correct magnetic helicity for whistler wave propagation against B 0 .
The wave excitation and field topology can be understood as follows: The currents in the dipole arms are limited by the displacement current due to the sheath capacitance and the large oscillating voltage which drops off across the sheath. Unlike in vacuum, there cannot be a large electric field parallel to the dipole in the plasma because it would create large Hall currents and associated magnetic fields which are not observed. Thus, the wave is excited by the current in the dipole. The current along the dipole arms produces an approximately circular magnetic field around the dipole wire in the x-z plane, as sketched in Fig. 6(a) . Its time-varying flux produces an inductive electric field in the form of a torus around the circular magnetic field line.
In the transverse x-y plane, the inductive electric field produces a radial space charge flow which in turn produces a Hall current along the inductive field E ind . The Hall current produces the axial B z fields.
In the y-z plane, the inductive electric field is both along and across B 0 . Due to the high parallel conductivity, the parallel electric field must be nearly zero which is accomplished by an opposing space charge electric field; hence, E k ' 0. Across B 0 , the space charge field adds to the inductive field and produces a net E ? which generates an electron Hall drift and current J x shown in Fig. 6(b) . By Faraday's law, the electric field and magnetic field are shifted in time, hence the Hall current peaks when the antenna current goes through zero. Thus, the plane of the circular magnetic field is rotated from the x-z plane into the y-z plane and the rotation continues in time. Fig. 6(b) shows that the Hall current J x produces a timevarying magnetic field similar to the antenna current but rotated by 90
. The time-varying field is surrounded by an inductive electric field which forms a torus just like that of the field line around the antenna but rotated by 90 . In the x-z plane, the inductive electric field has again a parallel component which is canceled by a space charge electric field and a perpendicular component which is enhanced to form a net perpendicular field E ?;x . Figure 6(c) shows that E ?;x drives again a Hall current J y which produces a field line loop in the x-z plane. The process continues in time and space which are related by the parallel phase velocity v z ¼ f k. The field rotates in time by 90 for every quarter rf period and in space at every quarter wavelength. The field topology of the wave can therefore be visualized by the magnetic field around a short line current J ? which propagates along and rotates around B 0 . This simplified picture is consistent with the observed time dependence of the field components shown in Fig. 6(d) . Mainly, the region of the dipole antenna is shown since the radiation from the shaft is different from that of the dipole. As shown in Fig. 5(a) , B z has a positive and negative peak off-axis which is part of the field line loop around the transverse Hall current. The perpendicular field (B x , B y ) is part of the field line loop around J ? . Since it is nearly at right angles to the line between the B z peaks, it does not appear to form a circular field line. However, B z and B ? maximize at different z positions, off-set by k=4, which rotates the transverse field by 90 relative to the axial field. With increasing time, both B z and B ? rotate together in counterclockwise direction around B 0 . The vector polarization is right-hand circular. The field phase fronts rotate similar to that of an m ¼ 1 helicon mode. 37 The antenna also excites waves in ÀB 0 direction with opposite signs of B rf . Unlike in free space, the radiation pattern is not symmetric around the dipole axis. Waves propagating in the 6x-direction are strongly attenuated since the group velocity points in the 6z-direction.
D. Power radiated and radiation resistances
Field topologies and comparisons did not require an absolute value for the measured fields, but this is needed for determining the radiation resistance. Using a circular loop with known rf current, we have calibrated the measured probe voltage with the calculated field on axis in air (V probe =B rf ¼ 0.198 V/G).
By definition, the radiation resistance is given by the ratio of the radiated power divided by the square of the rms current applied to the driving terminal of the antenna. In space plasmas 38 and most laboratory plasmas, 39-41 the radiation resistance is obtained from the real part of the antenna impedance at its driving point. In plasmas, the power dissipated by the antenna is not necessarily radiated into the far zone. Sheath and skin depth phenomena such as transit time damping, heating and ionization effects, excitation of electrostatic modes and sheath-plasma resonances, parametric instabilities, and many nonlinear phenomena can all account for dissipation which are included in the measured antenna impedance. Here, we determine the radiation resistance from first principles, i.e., from the measured wave power and the antenna current. The fields are measured at about one axial wavelength from the dipole, hence do not represent the near-zone fields but the propagating wave field. The small vacuum field of the antenna has been subtracted from the measured field.
The energy density of the electric dipole antenna is shown in Fig. 7 , which is the square of Fig. 5(c) multiplied by the square of the calibration factor and divided by 2l 0 . Next, the energy density is integrated over the measurement cross section which yields Ð Ð ðB 2 =2l 0 Þdxdy ' 24 Â 10 À12 J/cm. The power of the propagating wave, P, is given by the propagation velocity times the integrated energy density, Fig. 3 , the radiated power is found to be P rad ' 1.9 mW.
The antenna current, shown in Fig. 2(b) (left scale) , has a peak value I dipole ' 0.025 A. This yields a radiation resistance for the electric dipole of R rad;dipole ¼ P rad =ðI 2 =2Þ ' 0:15 X. For the magnetic loop antenna, we integrate the calibrated wave energy density obtained from Fig. 4(d) to find a radiated power P rad;loop ' 16 W. With the rms antenna current from Fig. 2(b) (right scale) , we obtain the radiation resistance for the magnetic loop, R rad;loop ¼ 16 W=ð4 A=2 1=2 Þ 2 ' 91 X. These observations show that a magnetic loop radiates 16 W/1.9 mW ¼ 8400 times more power than an electric dipole in the present parameter regime. The explanation is that the current of an electric dipole is much smaller than that through a loop antenna. The antenna current and its associated magnetic field excite whistlers, not the dipole electric field itself. In spite of a large voltage applied to the dipole (V dipole > 500 V), the displacement antenna current is minute compared to the conduction current through a wire loop.
IV. CONCLUSION
The electric field energy density in low frequency whistlers is small compared to the magnetic energy density, 0 E 2 =ðB 2 =2l 0 Þ ¼ ðv=cÞ 2 ( 1. Thus, it is obvious that an antenna should deposit magnetic fields into the plasma rather than electric fields to excite strong whistlers. The experimental findings support that magnetic loops are the preferred antennas to excite low frequency whistler waves in plasmas. For active wave injections into space plasma, past engineering difficulties have prevented the use of magnetic loops. Helicon waves are always excited with magnetic antennas in laboratory plasma devices. Even magnetic loop antennas are kept outside of the plasma since the high voltages on the antenna feed point can produce unwanted nonlinear effects such as localized ionization. Since the plasma is produced by the helicon wave, the wave-plasma system is highly nonlinear. Internal antennas are used in the present work, but nonlinear effects are avoided by using short intense rf bursts, even for peak voltages up to 1000 V on the dipole antenna. The field topologies for the magnetic loop and electric dipole antennas have been derived from the space-time dependence of the measured wave magnetic field. The loop creates vortices elongated in the x-direction for its present orientation. The electric dipole creates a field around a short current element perpendicular to B 0 . The propagating current element and associated field rotate around B 0 . We find this approximate physical picture easier to visualize than a detailed theory of wave propagation from dipole antennas. 42 The wave excitation for the dipole is complicated by the wave excitation from the transmission line. Further work is needed to explain the fields generated in the shaft region. Feeding the dipole with an axial field-aligned transmission line with twisted wires may eliminate the shaft radiation.
The radiation resistance of both antennas has been measured from the measured radiated power and the feed point currents. Like the radiated power, the radiation resistance of the electric dipole is almost three orders of magnitude smaller than the magnetic loop resistance. However, a comparison between radiation resistances of different antennas is FIG. 7 . Contour plot of the absolute wave energy density radiated by the electric dipole. The radiated power is obtained by the flow of the energy density through the x À y plane which amounts to 1.9 mW for an applied dipole voltage of 500 V. For comparison, the magnetic loop radiates 16 W.
only relevant if the antenna currents are comparable. This is not the case for the present antennas. The electric dipole is such a poor radiator compared to a loop antenna because of the low antenna current. Since a long linear wire can be deployed on a spacecraft, two parallel wires should also be deployable. By connecting the ends, an elongated magnetic loop like ours would be formed and it radiates orders of magnitude more power than the single wire of an electric antenna. These findings should be very relevant to active experiments on whistler mode injection in space.
